Abstract -Stroke affects multiple joints in the arm with stereotypical patterns of arm deformity involving the shoulder, elbow, wrist, and hand and with disrupted coordination of multiple joints in active movements. However, there is a lack of systematic methods to evaluate multi-joints and multi-degree of freedoms (DOF) neuro-mechanical changes, especially for complex systems with three or more joints/DOFs involved. This paper used a novel systematic method to characterize dynamics and control of the shoulder, elbow, and wrist of the human arm individually and simultaneously, including the couplings across the multiple joints during controlled movements. A novel method was developed to decompose the complex system into manageable single-joint level for more reliable characterizations. The method was used in clinical studies to characterize the multi-joint changes associated with spastic impaired arm of 11 patients post stroke and 12 healthy controls. It was found that stroke survivors showed not only increased stiffness at the individual joints locally but also significantly higher couplings across the joints. The relative increases in couplings are often higher than that of the local joint stiffness. The multi-joint characterization provided a tool to characterize impairment of individual patients, which would allow more focused impairment-specific treatment. In general, the decomposition method can be used for even more complex systems, making characterization of intractable system dynamics of three or more joints/DOFs manageable.
limits the arm performance and, ultimately, independence in activities of daily living [1] . Spasticity is a motor disorder characterized by a velocity dependent increase in tonic stretch reflexes that results from abnormal intra-spinal processing of primary afferent input [2] , [3] , and involves increased resistance to an external perturbation, which is a major factor contributing to disabilities in patients post stroke [4] [5] [6] . Thus, reducing spasticity has been considered as an important goal in many rehabilitation methods [5] , [7] .
In clinics, the modified Ashworth Scale (MAS) has been used by clinicians to evaluate muscle tone during external passive movement [8] . Though MAS has been shown to be a useful clinical assessment tool [9] , [10] , it might be limited in terms that only one joint is evaluated at a time, without concurrent effects to and from neighboring joints. Indeed, the changes post stroke occur not only at a single joint but also across multiple joints simultaneously. For example, several stereotypical patterns of arm deformity in patients post stroke have been commonly observed in clinical examinations, such as adducted/internally rotated shoulder, flexed elbow, pronated forearm, flexed wrist, and clenched fist [11] . Though the examination of multi-joint deformity is needed for better understanding the impairment and guiding next interventions, it is practically difficult for a clinician to evaluate the increased resistance and abnormal inter-joint couplings during external passive movement at multiple joints simultaneously and quantitatively. In this aspect, a quantitative measurement in multi-joint levels would be required to diagnose impairments quantitatively, to assess the outcome of interventions, and to evaluate new rehabilitation strategies.
Owing to advanced robot technologies for rehabilitation, ample information about arm stiffness regulation [7] , [12] [13] [14] and evaluation of one [15] [16] [17] or two joint stiffness [18] [19] [20] have been reported. However, to the best of our knowledge, there is a lack of work to perform multi-joint quantitative evaluation of impaired arm, especially for complex systems involving three or more joints, since existing rehabilitation robots usually treat a single joint or the whole arm, including an end-point type, without controlling and evaluating individual joints specifically. In this regard, a multi-joint intelligent rehabilitation robot, called IntelliArm, has been developed to be able to control the shoulder, elbow and wrist individually and simultaneously, and in turn, to perform more quantitative and systematic characterizations of neuro-muscular changes across multiple joints [21] [22] [23] [24] .
The purpose of this study is to investigate how the increased resistance to external passive movement of a spastic joint is associated with multiple joints, including shoulder, elbow and wrist. In order to compare the changes post stroke, multi-joint stiffness matrices, including local and inter-joint cross-coupled stiffness, for healthy controls and chronic stroke patients were determined through a robust identification method for decomposition of multi-joint coupled dynamics.
II. METHODS A. Experiments
Twenty-three subjects, including 11 patients post stroke (age: 52.4 ± 14.5 years; height: 1.75 ± 0.05 m; weight: 85.4 ± 15.2 kg; sex (F/M): 3/8; impaired side (L/R): 1/11; since stroke: 7.8 ± 4.8 years) and 12 healthy age-matched control subjects (age: 40.0 ± 13.4 years; height: 1.75 ± 0.04 m; weight: 73.0 ± 10.5 kg; sex (F/M): 3/9), participated in this study. The healthy control subjects had no record of previous neurological impairment and musculoskeletal injury/disorder. Prior to the experiment, each participant gave a written consent approved by the institutional review board of Northwestern University.
First, each subject was asked to sit upright comfortably, and to put the upper arm, forearm and hand on the IntelliArm Typical torque-angle curve during repetitive inbound and outbound movements. τ in_peak and τ out_peak denote the pre-specified peak resistance torque during inbound and outbound movements, respectively; θ in_peak and θ out_peak the pre-specified peak angular position during inbound and outbound movements, respectively; τ in_P ROM and τ out_P ROM the pre-specified torque, for obtaining the joint PROM, during inbound and outbound movements, respectively; θ in_P ROM and θ out_P ROM the end of PROM at τ in_P ROM and τ out_PROM during inbound and outbound movements, respectively; K in and K out the joint stiffness at θ in_P ROM and θ out_P ROM , respectively. robot (Fig. 1A) . The robot arm lengths for the upper arm and forearm were then adjusted to align mechanical axes for shoulder horizontal adduction/abduction, and elbow and wrist flexion/extension with the corresponding subject's anatomical joint axes. After done the adjustment, the subject's upper arm and forearm were strapped to the corresponding braces to ensure well-alignment throughout the experiment. Initial position was at shoulder horizontal adduction of 70°, elbow flexion of 60°and wrist flexion of 0°, respectively (Fig. 1B) , but when the subject felt any pains or uncomfortable sensations, the initial position was changed (e.g., mostly wrist flexion in patient).
In passive movement mode, the IntelliArm slowly moves one targeted joint at a time to simplify the multi-joint movements. The slow movement also minimizes reflex-mediated actions and manifest passive mechanical properties [25] , [26] . The movement will be done for 5 cycles at a slow speed of 10°/s, until either the joint resistance torque or angular position reaches their pre-specified limits (τ in_ peak or τ out_peak for torque limit, and θ in_ peak or θ out_peak for position limit, , as shown in Fig. 2 ) [23] . For example, during an outbound movement, if either angular position reached θ out_peak or joint resistance torque reached τ out_peak , the movement direction would be reversed to inbound movement after few seconds (5 sec, for example). To ensure safety of subjects, position limits for each subject were set specifically as follows: while two joints are held at the initial position by the IntelliArm, the third joint was moved between the two extreme positions determined by manually and slowly pushing the robot arm without inducing pain to the subjects. These positions were used as position limits. Torque limits were set to be ±3 N·m for shoulder horizontal adduction/abduction, ±2 N·m for elbow flexion/extension, and ±1.5 N·m for wrist flexion/extension. During this passive movement of an individual joint (targeted), the other non-targeted joints were immobilized at their initial positions, and the torques and angles at all joints were recorded simultaneously. Notice that, to minimize the reflex or active voluntary components, each joint was moved at the slow speed (i.e., 10°/s), and the subjects were asked to relax their arm throughout the experiment.
B. Characterization of Multi-Joint Stiffness Matrix
The multi-joint stiffness matrix, including three local joint stiffness and six inter-joint cross-coupled stiffness, can be characterized by a novel decomposition method described below.
1) Multi-Input Multi-Output Modeling and Identification of
Multi-Joint Coupled System: As shoulder, elbow and wrist joints are constrained by the multi-joint robot and rotated in the horizontal plane with three DOFs (Fig. 1B) , the relationships between shoulder, elbow and wrist torques and shoulder, elbow and wrist angles can be derived through LagrangeEuler or Newton-Euler equations written as [24] ⎡ 
and more details can be found in [24] , [27] , and [28] .
2) Decomposition of the Multi-Joint Coupled Dynamics:
The multi-joint coupled dynamics described in (1) provides a comprehensive characterization of the multi-joint biomechanical properties, including local impedances of individual joints (i.e., shoulder, elbow and wrist) characterized by the diagonal elements of matrix Z, and inter-joint cross-coupled impedances characterized by the off-diagonal elements of matrix Z. Especially, the stiffness matrix K and viscosity matrix B may give us useful information on arm impairment and suggest rehabilitation strategy. Unfortunately, even with simplification, the multi-joint coupled dynamics in (1) still has 27 parameters, identifying the "structural parameters" helps reduce it slightly [29] , and is difficult to identify directly. Here, we developed the following systematic procedure to decompose the complex system (and similar systems with even more DOFs involved) into a series of single-input singleoutput (SISO) systems. First, the stiffness matrix K is only taken by moving each joint at a slow constant speed to minimize the effect of acceleration and velocity related terms and reflex contributions [25] , [30] . Then, the multi-joint coupled dynamics in (1) becomes ⎡ 
As the torques and angles of shoulder, elbow and wrist joints were measured altogether, K 11 , K 21 and K 31 can be determined using (4)- (6). 2. Similarly, the elbow is perturbed at a slow constant speed while the shoulder and wrist are held at fixed position by the robot. Then, (3) can be decomposed as
Thus, K 12 , K 22 and K 32 can be also obtained using (7)- (9). 3. Similarly, the wrist is moved at a slow constant speed while the shoulder and elbow are held at fixed position by the robot. Then, (3) is decomposed to
Similarly, K 13 , K 23 and K 33 can be computed using (10)- (12) . Through the procedures as above, the multi-joint coupled dynamics in (1) is decomposed into 9 SISO equations which enable characterization of each local and inter-joint crosscoupled stiffness using existing established methods reliably.
C. Data Analysis
Angles and torques measured at shoulder, elbow and wrist joints were used to evaluate multi-joint biomechanical changes post stroke such as the passive range of motion (PROM) and multi-joint stiffness matrix.
To determine PROM (θ in_ P RO M and θ out_P RO M in Fig. 2 ), specific torque levels (τ in_ P RO M and τ out_P RO M in Fig. 2) were selected as ±2.5 N·m for shoulder, ±1.5 N·m for elbow and ±1.0 N·m for wrist joint. If the peak measured torque was less than the specific torque levels, mostly in control group, the peak measured angle was chosen instead. Considering stroke survivors have limited ROM, the average values of θ in_ P RO M and θ out_P RO M for each joint in patient group were used to compute local and inter-joint cross-coupled stiffness of both groups.
Owing to the decomposition method, each local and interjoint cross-coupled stiffness can be simply determined as the slope of each joint torque-angle curve (i.e., ∂τ i j /∂θ j ). As shown in Fig. 2 , however, joint torque-angle curve is generally nonlinear, especially near extreme position, and shows a hysteresis loop during repetitive passive movement. Hence, a slope for the inbound movement and another slope for the outbound movement were defined to characterize the changes in joint stiffness post stroke. First, all measured data were separated into segments corresponding to inbound and outbound movements. Then, each torque-angle curve of the segments was fitted to a smooth exponential function [23] as
where τ i j denotes the i th joint torque induced by the passive movement of j th joint, θ j the j th joint angle, c ki j (k = 1,2,…,6) the constants to be determined by the nonlinear least square curve fitting. For each of 9 torque-angle curves, two exponential type functions (i.e., one for inbound and the other for outbound movement) were calculated, which were used to compute local or inter-joint cross-coupled stiffness during inbound and outbound movements. For comparison of control and patient groups, the stiffness was calculated as a slope at the same angles of the passively moved joint (i.e., inbound: shoulder horizontal adduction of 70°, elbow flexion of 80°and wrist flexion of 60°; and outbound: shoulder horizontal adduction of 45°, elbow flexion of 40°and wrist extension of 20°). Negative inter-joint cross-coupled stiffness were found in some cases, but their absolute values were less than 0.15 N·m/rad which is negligible compared to values for obvious inter-joint cross-coupling. Thus, the negative interjoint cross-coupled stiffness were converted to positive. To find any significant differences in PROM and joint stiffness matrix between two groups, statistical analysis with the significance level of p < 0.05 was performed using IBM SPSS Statistics (Version 21, IBM, Armonk, USA). First, in order to assess assumptions of the normality and homogeneity of variances, Kolmogorov-Smirnov and Levene tests were performed for PROM and elements in the joint stiffness matrix, respectively. Since the data did not satisfy the assumptions, differences in the data between two groups were evaluated by Mann-Whitney U test.
III. RESULTS
Representative curves of angles and torques during shoulder horizontal perturbation are shown in Fig. 3 . While the shoulder was moved back and forth in horizontal abduction/adduction with the elbow and wrist held at constant positions, a considerable cross-coupled toque was generated at the elbow joint in the patient compared to the control subject. Note that the stroke survivor shows a clear pattern of the shoulder, elbow and wrist torques with respect to the shoulder horizontal perturbation, while relatively less correlated elbow and wrist torques in the healthy subject, which is associated with the increases in multi-joint stiffness and inter-joint coupling post stroke. Moreover, PROM in the patient is much smaller than that in the healthy subject. Details are discussed in following subsections. 
A. Passive Range of Motion
Overall, PROMs in the stroke group were much smaller than their counterparts of the control group, including shoulder horizontal abduction, elbow extension and wrist extension. In the control group, the shoulder horizontal abduction and adduction were observed as 10.5 ± 12.1°and 110.5 ± 10.0°, respectively. However, the stroke group showed significant decreases in both, showing the shoulder horizontal abduction of 45.2 ± 12.2°( p < 0.001) and adduction of 89.1 ± 7.7°( p < 0.001). The significant difference was observed in both elbow flexion (98.2 ± 13.3°in control group and 80.6 ± 8.9°i n patient group, p < 0.01) and extension (8.1 ± 6.4°in control group and 40.0 ± 9.4°in patient group, p < 0.001). The wrist flexion was not different between two groups ( p = 0.695), but there was a significant difference in the wrist extension (75.9 ± 20.9°in control group and 21.1 ± 28.2°in patient group, p < 0.001).
B. Multi-Joint Stiffness Matrix During Inbound Movement
In general, patient group showed greater local and interjoint cross-coupled stiffness during inbound movement of shoulder, elbow and wrist (Fig. 4) . During shoulder horizontal adduction, the shoulder local stiffness (K 11 ) was significantly greater in patient group than in control group ( p < 0.001). Patient group also showed a significant increase in the elbow cross-coupled stiffness (K 21 ) ( p < 0.001), but no significance at wrist ( p = 1.000). Compared to control group, both elbow local stiffness (K 22 ) and shoulder/wrist cross-coupled stiffness (K 12 and K 32 , respectively) during elbow flexion were significantly greater in patient group ( p < 0.01, p < 0.001 and p < 0.05, respectively). While wrist flexion, the wrist local stiffness (K 33 ) was greater in patient group than in control group significantly ( p < 0.05). However, there was no significance in wrist-shoulder (K 13 , p = 0.695) and wristelbow (K 23 , p = 0.566) cross-coupled stiffness. Comparison of multi-joint stiffness matrix during inbound movements. Diagonal elements represent local joint stiffness, and off-diagonal elements inter-joint cross-coupled stiffness. K ij denotes the stiffness relating torques of joint i with respect to angles of joint j. Subscripts 1, 2 and 3 correspond to the shoulder, elbow and wrist, respectively. For better readability, multi-stiffness matrix was presented as transpose form. * indicates p < 0.05. Diagonal elements represent local joint stiffness, and off-diagonal elements inter-joint cross-coupled stiffness. K ij denotes the stiffness relating torques of joint i with respect to angles of joint j. Subscripts 1, 2 and 3 correspond to the shoulder, elbow and wrist, respectively. For better readability, multi-stiffness matrix was presented as transpose form. * indicates p < 0.05.
C. Multi-Joint Stiffness Matrix During Outbound Movement
Similarly, patient group showed greater local and inter-joint cross-coupled stiffness during outbound movement (Fig. 5) . The shoulder local stiffness (K 11 ) in patient group was significantly greater than that in control group ( p < 0.001) during shoulder horizontal abduction. Moreover, the shoulder-elbow cross-coupled stiffness (K 21 ) was also significantly higher in patient group ( p < 0.01), but no difference in the shoulderwrist cross-coupled stiffness ( p = 0.786). While in elbow extension, elbow local stiffness (K 22 ) and elbow-shoulder and elbow-wrist cross-coupled stiffness (K 12 and K 32 , respectively) in patient group were significantly greater than those in control group ( p < 0.001, p < 0.05, and p < 0.01, respectively). During wrist extension movement, significant increases in the wrist local stiffness (K 33 ) and wrist-elbow cross-coupled stiffness (K 23 ) were observed in patient group ( p < 0.001 and p < 0.001, respectively), but no significant change at wrist-shoulder cross-coupled stiffness (K 13 , p = 0.928).
D. Fitting Results
Fitting results, R 2 value, are summarized in Table I . In control group, high R 2 values were found in local joint stiffness (i.e., K 11 , K 22 and K 33 ), but low in inter-joint cross-coupled stiffness. For patient data, however, relatively higher R 2 were found in not only local joint stiffness but also inter-joint crosscoupled stiffness (e.g., K 21 , K 12 , K 32 , and K 23 ).
IV. DISCUSSIONS AND CONCLUSIONS
This paper aimed at addressing passive changes of the impaired arm post stroke from multi-joint point of view, not a single joint level. The novel technique was introduced to decompose the complicated multi-joint coupled dynamics into multiple SISO equations, which enabled us to characterize multi-joint stiffness matrix, including local and inter-joint coupled stiffness post stroke. As a result, stroke survivors showed not only increased stiffness at individual joints locally but also significantly higher coupled stiffness across the joints regardless of perturbed direction (e.g., inbound or outbound movement).
Spasticity has been considered as a major determinant of motor dysfunction [5] , which generally results in increased stiffness of the impaired limb post stroke [16] . Considering the increased resistance to an external perturbation is attributed to changes in underlying mechanical properties of muscle and tendon, the increased stiffness may be a result of not only passive tissues but also active contractile properties (voluntary or reflex) [5] , [6] , [16] . Thus, no contraction of muscle should be involved to ensure that the multi-joint stiffness matrix represents the passive components. The rehabilitation robot moved the individual joints, one joint at a time, slowly at 10°/s. The slow movement minimized reflex-mediated muscle contractions and thus characterized the passive stiffness, including both local passive stiffness and cross-coupling passive stiffness [26] . Still, since EMG recordings were not involved in this study, multi-joint stiffness matrix might not purely represent the resistance by only passive components. Instead, energetic passivity of the shoulder, elbow and wrist joints was identified, because it ensures stable interaction with a dynamically passive environment [31] . For quantification of energetic passivity, our multi-joint stiffness matrix K was further decomposed into its conservative component (K s , the symmetric part of K) and nonconservative component (K a , the asymmetric part of K), and compared their relative magnitudes [19] , [20] as
Since our multi-joint stiffness matrix is 3-by-3, including shoulder, elbow and wrist, the determinant of K a vanishes according to Jacobi's theorem. Thus, the multi-joint stiffness matrix K was separated into two 2-by-2 matrices by taking neighboring joints (i.e., shoulder-elbow coupling, K SE ; elbow-wrist coupling, K EW ). Considering energetically passive systems are conservative perfectly, ρ would be close to zero for our results. The average ρ of K SE was 0.069 for inbound and 0.096 for outbound data in control group, and 0.071 for inbound and 0.186 for outbound data in patient group. Similarly, the average ρ of K EW was 0.049 for inbound and 0.100 for outbound data in control group, and 0.048 for inbound and 0.078 for outbound data in patient group. Most values were comparable to the previous results (e.g., about 0.1) [20] , indicating that shoulder-elbow and elbow-wrist couplings for both control and patient groups might be predominantly spring-like (i.e., energetically passive) in a relaxed condition throughout the experiment. Interestingly, only nonconservative component of K SE for outbound data in patient group was relatively high (∼0.2), which potentially implies that during shoulder horizontal abduction and/or elbow extension, muscles across shoulder and/or elbow joint may activate, in turn, and contribute to the multi-joint stiffness matrix, especially inter-joint cross-coupled elements. This might be related to the previous observation that individuals with severe stroke showed a spontaneous elbow flexion torque during shoulder maximal abduction [32] , [33] . While contributions of passive and active components to the spasticity were not identified in this study, their role in abnormal inter-joint couplings should be quantitatively investigated in future work with EMG recordings. Joint stiffness has been estimated as the slope at representative points of the torque-angle curve (e.g., near the extreme joint ROM) [34] , or local stiffness on the torqueangle curve [30] . These approaches are reasonable because the force required to overcome elastic and plastic stiffness accounts for 90%, followed by viscous stiffness about 9% at physiological speed in normal subjects [15] . The joint angletorque curve becomes nonlinear (as shown in Fig. 2 ) near the extreme positions, because stiff elastic elements, such as ligaments and joint capsule, is stretched as joint position approaches extremes. Considering passive properties of an impaired arm in individuals with severe stroke are changed stiffer (i.e., increase in resistance), the nonlinear characteristics would be appeared earlier compared to normal subjects, even at the same torque level [25] , [30] . Similar results were found in this study, showing significant decreases of PROM in patient group, especially outbound movement, while each of shoulder, elbow and wrist perturbation with the same velocity and torque limits. These imply that an average slope might not be appropriate for fair comparison between normal and patient group. Thus, a local slope of torque-angle curve at a certain angular position, based on average PROMs in patient group, was computed, and yielded reasonable results compared to previous studies, such as greater stiffness and shoulderelbow couplings [16] , [32] , [33] . Future studies would be required to compare multi-joint stiffness matrix from various approaches, and in turn, to further reveal comprehensive relationship between multi-joint stiffness matrix and clinical score (e.g., MAS and Fugl-Meyer assessment of motor recovery after stroke), for example.
The coefficient of determination R 2 is a number indicating how well data (e.g., torque-angle curve in this study) fit a statistical model (e.g., two exponential function in this study). As shown in Table I , R 2 values were high for local joint stiffness (i.e., K 11 , K 22 and K 33 ) in both groups, which means two exponential functions can represent typical joint torque-angle curve [23] . Moreover, low values were found for inter-joint cross-coupled stiffness in control group, but relatively higher R 2 for some of inter-joint cross-coupled stiffness in patient group (e.g., K 21 , K 12 , K 32 and K 23 ). Interestingly, values of inter-joint cross-coupled stiffness corresponding low R 2 value were small (e.g., K 21 , K 31 , K 12 , K 13 and K 23 in control group), and also no significant difference between two groups when R 2 value in both group was low (e.g., K 31 and K 13 ). This might imply that: (1) there is low correlations between inter-joints (i.e., shoulder-elbow, shoulder-wrist and elbowwrist) in control group; and, in turn, (2) patient group showed more clear shoulder-elbow and elbow-wrist couplings than shoulder-wrist coupling. However, a statistical approach, such as multivariate analysis, would be needed to better explain the effects or contributions of all joint movements to the joint torques.
To conclude, impairments in patients post stroke usually involve shoulder, elbow and wrist joints simultaneously. Unfortunately, it is not practical for a clinician to evaluate the multi-joint properties simultaneously and quantitatively, although the information may be very useful in guiding therapy of the impaired arm. This study shows how our IntelliArm robot can characterize comprehensive local and interjoint cross-coupled stiffness through the novel decomposition method. This multi-joint stiffness matrix would be helpful to achieve accurate and systematic diagnosis for impaired arm of individuals post stroke, and, in turn, to guide subsequent rehabilitation therapeutic treatments.
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